Because these various parameters all contain information about the evolution of water in the coma, to the extent that they are known, it is possible to invert the OH distribution to a map of water production either by fitting outflow models to the observed radial distribution or by adding all of the photons from the OH coma.
Introduction:
The study of conditions in comet comae must necessarily begin with an understanding of The ancillary parameters will vary depending on the daughter species studied and are known to differing degrees of accuracy that depend on the solar radiation field, heliocentric velocity, and the total gas production from the comet.
The interpretation of water production and evolution from a single measurement or species will therefore vary with the degree of uncertainty in the underlying assumptions (Schleicher, Millis, & Birch 1998) . Fortunately the different aspects of water production are complementary and greatly improved convergence is obtained from coordinated observations (Combi et al. 2000) .
This paper contains a detailed examination of the production rate, radial distribution, and velocity structure of OH in C/1995 O1 (Hale-Bopp) from wide-field images taken during a 2 week period bracketing its perihelion passage.
Hale-Bopp was a unique object in the modem astronomical era, one that provided our best opportunity to date to study the physical properties of water production and evolution, and the effects of collisional processes in the coma at the extreme end of the gas production scale of comets. Because of the high level of Hale-Bopp's activity we could overcome several magnitudes of atmospheric attenuation and extract the radial distribution of OH out to distances >10 6 km from the nucleus. Over such a field of view (FOV),
we imaged the entire scale length of OH, and could thus derive QH20 using only the H20 --_ OH branching ratio, rather than relying on models of coma dynamics. The outer portion of the radial distribution is most sensitive to the outflow properties of OH, and so we fit the radial profiles with two types of spherical expansion models to determine the first order velocity structure of derived from more detailedgas-kineticmodels (Combi et al. 1997 ) and other complementary observationsof OH (Colom et al. 1997; Woods, Feldman,& Rottman2000) and other coma volatiles . We also report on the presenceof an extended OH radial distribution in the trailing sectors of the coma that has also been seen in observations of metastableO (ID) (Morgenthaleret al. in press)andwe provide a discussionof somepossible mechanisms thatcould produceit. The OH life cycle in the comet follows three primary steps beginning with the photodestruction of H20, followed by a radial expansion away from the nucleus, and ending with its dissociation or ionization. This chemical pathway (H20 ---> OH --> O + H, OH +) has been studied extensively both theoretically and observationally (Budzien, et al. 1994 (Huebner, et al. 1992) .
Techniques
The spatial extent of the OH coma is defined by the velocity distribution, the dimensions of the source region, the heliocentric distance of the comet, and the solar UV intensity. In most comets the velocity distribution of OH in the coma not known directly, and must be determined by fitting models to the radial shape of the coma or by assuming a uniform outflow velocity with a dependence on heliocentric distance (Rh) given by 3) VOH= 0.85Rh -z (Budzien, et al. 1994) .
Aside from the few in situ measurements (Lammerzahl et al. 1987 (Colom, et al. 1997; Schleicher, et al. 1998 ) to sophisticated hydrodynamic (Crifo 1995) The relevance of equation 4 depends on the amount of gas production. For weak to moderately active comets at 1 AU with QH20 -< t029 S"l, VH20 = 0.87 km-s I (Budzien et al., 1994) , and cr -3 x l0 "_5 cm 2, the size of the collision zone is of order 1000 km or less at 1 AU. This is smaller than the scale lengths of most coma species and limits the effect of photolytic heating in the coma. Such a collision zone will also be unresolved for most observations, which means that any acceleration that occurs within it will be detectable only as an increase in the uniform bulk flow that becomes larger along with the gas production rate.
For very active comets with QH20 >1030 s "1, the collision sphere will be resolvable and begin to approach the dimensions of the scale lengths of H20 and OH, which means that a significant fraction of all water photochemistry will occur in a collisionally thick medium. Both models (Combi, et al. 1997; Combi & Smyth 1988b; Hodges 1990) and observations (Bockel6e- et al., 1990) show that this results in a significantly hotter coma that flows more rapidly away from the nucleus. Several estimates of QH20 obtained using different methods (Colom, et al. 1997; Combi, et al. 2000; Woods, et al. 2000) Table 1 .
Morvan

Calibration and Correction for Atmospheric Attenuation:
Atmospheric attenuation was the most serious calibration issue for OH 3080 A imaging (Farnham, et al. 2000) .
The already strong function of OH opacity to airmass was exacerbated by the low elevation of Hale-Bopp on most nights during this period. The comet began each night at its maximum elevation, which, over our time frame, ranged between 30°and 21°or 2-3.5 airmasses ( Table  1) , and set within 4 hours. OH images were taken on each night, but the most useful data were obtained on March 28 and April 8, 1997, when setup, acquisition and focus were procedurally perfect, and where OH was the immediate priority for observation. The data from April 8 is of higher quality due mainly to the smaller airmass. There were no standard stars bright enough at 3080 A to be detected in the FOV of the comet images, so we obtained a series of observations of c_ Aur cover the same range of elevation angles to use as a flux standard.
The stellar images were calibrated with IUE spectra at 3100 A and used to derive a relationship between airmass and attenuation.
We interpolated between the images to the corrections at the comet elevations, and assign a conservative -15% accuracy in comet OH intensities.
Qmo From Aperture Summation:
In the full-aperture summation extraction, the flat-fielded, bias and dark subtracted images were converted to a series of concentric variable diameter apertures centered on the comet nucleus. The total flux was co-added until increasing the area of the aperture failed to improve the signal to noise of IoH and a comparison with the ring summing results indicated that the scale length had been reached. The total ADU were converted to rayleighs, and from then to
NoH and QH2O using equations
Ring Summation and the OH Radial Brightness Distribution:
Extraction of the OH spatial distribution was performed using a dynamic ring summing algorithm that operated by extracting all pixels over a range of radial distance and position angle, filtering for salt and pepper noise, and then coadding to obtain an average. Radial profiles of OH distribution were constructed by coadding annuli centered on the nucleus, with the annulus width in pixels set to the smallest value that maintained s/n > 4, up to a maximum of 75 pixels or 1.75 x 105 km. Full azimulthal coma averages and sub-arcs 90°and 30°in extent were extracted using this method.
The ADU/ring averages were again converted to rayleighs based on the oc Aur calibration.
Results:
4.1 Qn2o from Aperture Summation of Ion:
Following the conversion of ADU to rayleighs, we obtain QOH = 7.9 (_+ 1.2) x 1030 S"I on 03/28 and 9.17 (+_ 1.4) x 103o s l on 04/08 using the aperture summation method.
With BRoil = 0.86 (Table 2 , (Huebner, et al. 1992) , this corresponds to Qmo = 9.31 (_ 1.4) x 1030 s-i and 10.8
(_+ 1.6) x 103o s 1 on the two dates respectively (Table 1) . These values compare favorably with other measurements of Qou made over the same period using a similar technique (Woods, et al. 2000) .
Ring Summation
Azimuthal Average:
The coma-averaged OH surface brightness distributions show evidence of substantial acceleration both from the spatial extent of the emission and the profile gradient inside 104 km. (Budzien, et al. 1994; Lammerzahl, et al. 1987) . It is possible to scale the model to fit the observed profile out a to distance of-1-2 x l05 km and derive a water production rate of QH2O -6 X 1030 S1. However, the model fails on larger spatial scales as the scaled fit falls off while the OH distribution continues outward. Indeed, there is no scale factor that will allow a Halley-like flow to describe the outer regions of Hale-Bopp's OH coma, nor one that will match the inner coma radial distribution and provide QoH equivalent to that obtained from aperture summation in the same image. A higher outflow velocity is required to fit the extended part of the profile (see below), and, since QH2O oc v/e ('r/v), a higher production rate is indicated as well. Colom et al., (1997) . The calibrated fits to the spherically averaged brightness profiles yield Qmo -30-50% higher than from the aperture method or other estimates (Combi, et al. 2000; Woods, et al. 2000) , and VoH -50-100% higher than in direct measurements by Colom et al. (1997) .
In the case of the more extended trailing sectors, these differences become even more exaggerated.
We take the fact that the best matches to the data were invariably those with a substantial velocity difference between VoH and Vtt2o as evidence for significant acceleration in the coma. Figure 4 shows the relationship between VoH and VH2o. We note that even when a uniform (VoH ----VH20) outflow can be fit to the full radial profile, it does not match the shape very well.
Indeed, the best uniform outflow cases produce higher fit indices than the minima for all other velocity ratios and are more than 100x larger than the best mixed velocity (VoH _: VHZO) case. Figure   3b ). These fits consistently indicate an initial velocity (-1.0 km-s l) that is quite close to the measured range of less active comets at the same heliocentric distance (Budzien, et al. 1994 ) and inner coma velocity dispersion measurements . Acceleration in the model continues throughout the coma, such that the outflow velocity eventually reaches a larger value (2.3-2.6 km-s 1) similar to other outer coma measurements (Colom, et al. 1997 ).
Inverting the model profiles to production rates results in a range of QH2o = 0.8-1.0 x 1031 s-1 for both dates, which are much closer to the results of aperture summation. an artifact of the model or indicative of a physical mechanism such as dust mass loading (Colom, et al. 1997 ) is not clear from our simple treatment.
Comparisons of the Model Velocity Distribution with Other Data and Models:
6.1 Radio Outflow Velocity Measurements:
We compared the results of our models with the aperture summed radio measurements of Colom et al., (1997) and Biver et al. (1997) rh "2 X (Q/103°)°5, which, as no more than a fit to points on a graph, is a somewhat ad hoc result. From their equation we can obtain a value of VH20 --3.25 km-s I for a comet with QH2o = 1031 s1 and Rh = 0.91 AU. This is substantially higher than we obtain from the variable velocity model and was observed aperture average velocity (Colom, et al. 1997 ).
Physical models of collisionally dense comas that include extensive regions of dust/gas interactions and substantial opacity corrections (Combi, et al. 1997; Crifo 1995) may also be extended to the necessary activity scale. We compare our data and simulation results with those of Combi et al. (1997) , who used a 1-D spherical hybrid kinetic/dusty gas-hydrodynamic calculation to describe the thermal and velocity characteristics of the outflow with cometocentric distance from the nucleus for Hale-Bopp at different heliocentric distances.
The results of our simulations generally agree with the dusty gas predictions, although we expect as much in the case of the variable velocity case, since it was based on the parameters of the Combi et al. (1997) model. However it is also true of the fixed model, where the best fits were for cases with large differencesbetweenthe initial and final velocities of the bulk flow, with the averagevelocity increasingrapidly nearthe nucleusandmore slowly in the outer coma. The notableexceptions to this arethe sectorswith spatially extendedOH emission, which are fit on every spatial scale by significantly higher acceleration than the Combi et al. (1997) Moreover, this process fails to predict a focused acceleration in the dust free zone, but rather a focused deceleration in the sunward direction.
Ion-Neutral
Coupling:
Photo Smyth 1988b) and observations ( Bockel6e-Morvan, et al. 1990; Schleicher, et al. 1998) . When compared to published radio measurements of Vort and QH2o Colom, et al. 1997 ), our models match coma averages over fields of 104 km and 2 x 105 km. Budzien et al., 1994 . The model fits the profile out to a radial distance of 2 x 105 km, but begins to fall below the data beyond this point, due to collisional acceleration in the inner coma. Production rate estimates based on this fit yield QH2o --6 x 1030 s "l, which is -30% less than those obtained from other methods (e.g. Combi et al., 2000 , Colom et al., 1997 . While significant differences in the degree of symmetry in the coma is obvious between the nights, there is a general trend of the anti-sun and anti-tail profiles being shallow compared with the others inside of 105 km and then crossing over to become more extended beyond this point.
In C) and D), the most radially extended quadrants of the coma are broken down into 30°sub-sectors of position angle and then compared with the anti-tailward sector. Each sub-sector is considerably more radially extended that the sunward profile, and are also responsible for most of the enhancement in the spherically averaged profile. Also evident here is the overall low quality of uniform, or close to uniform, single velocity outflow, which is a value of 1 here. The fit indicies for this case are -2 orders of magnitude larger. Figure 5 . The radial profile of the most extended sub-sector of the OH coma is compared here with the scaled residual dust continuum in the same sector. As can be seen here the contribution of the dust to the radial shape observed in the OH is not large enough to significantly affect the basic characteristic of the extension relative to the other sectors.
Tables: 
